In order to understand the mechanism through which loss of anchorage inhibits growth, we have investigated the events that occur in murine keratinocytes upon substratum detachment utilizing both primary cells and established immortalized cell lines. Our data has revealed that while both primary and immortalized cells undergo growth arrest in suspension, the nature of this arrest is markedly dierent. Primary cells exhibit a growth arrest that is characterized by rapid cessation of DNA synthesis resulting in a static S phase population. In contrast, an immortalized non-tumorgenic cell line, Balb MK, exhibits growth arrest as measured by thymidine incorporation, but does not prevent cells that have entered S phase from continuing into G 2 /M, and accumulating as a 4N population. In contrast to both primary and MK cells, the tumorigenic SLC-1 cell line did not accumulate in a speci®c cell cycle interval and were able to undergo continuous growth in suspension. Examination of cyclin A protein and its associated activity revealed that cyclin A protein levels decreased in primary but not MK cells; suggesting the continued presence of cyclin A may allow continued DNA synthesis observed in MK cells. Furthermore, we demonstrate the accumulation of suspension cultured MK cells as a 4N population correlated with the loss of cyclin A/cdk2 kinase activity, which in turn occurred through the accumulation of p27 kip1 , whereas neither p27 kip1 accumulation nor loss of cyclin A activity was observed in SLC-1 cells. Our results clearly reveal that the process of growth inhibition in suspension cultured cells may occur in several forms with distinct characteristics that are dependent on the status of cyclin/cdk complexes and CKI proteins. Tumor derived cells in suspension did not lose cyclin A dependent kinase activity and thus continued to grow and divide.
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Introduction
The epidermis is a strati®ed squamous epithelium consisting of four major layers: basal, spinous, granular, and stratum corneum. Cells in the basal layer, the innermost layer which is adjacent to the basement membrane, are the only keratinocytes capable of proliferation. As cells migrate from the basal to the spinous layer, they lose contact with the basement membrane, withdraw from the cell cycle, and begin the process of terminal dierentiation. Basal cells stop synthesizing keratins 5 and 14 shortly after detachment from the basement membrane. Keratins 1 and 10 are actively synthesized in cells of the spinous layer, along with involucrin and other envelope proteins (Fuchs, 1990 (Fuchs, , 1993 . The ®nal transition in gene expression occurs as cells enter the granular layer and begin accumulating ®laggrin and loricrin (Asselineau et al., 1990; Rothnagel et al., 1994) . Cells located in the granular layer eventually deteriorate and activate epidermal transglutaminase which catalyzes the crosslinking of envelope proteins (Rice and Green, 1979) . Dierentiation concludes with the release of lytic enzymes, leaving only squames or cellular skeletons ®lled with keratin ®laments, capable of functioning as a protective barrier.
Several recent studies have analysed the cell cycle machinery during keratinocyte dierentiation and have implicated changes in cyclin and cdk inhibitors in initiating or eecting a dierentiation program (Halevy et al., 1995; Hauser et al., 1997; Jiang et al., 1994; Macleod et al., 1995) . It has been demonstrated that cell cycle regulation in mammalian cells is implemented through a family of proteins, cyclins, that bind and activate latent protein kinases, cyclin dependent kinases (cdk), which phosphorylate key targets, such as Rb family members, that bind and regulate components of the transcriptional machinery, such as E2Fs. The family of cyclin proteins can be subdivided on the basis of the cdks with which they interact and the period of the cell cycle in which they function (for review see: Heichman and Roberts, 1994; Sherr, 1994) . Thus, D-type cyclins bind and activate cdk4 or cdk6, forming an activity that has been demonstrated to play a key role during G 1 traverse. Cyclin E and cyclin A bind and activate cdk2, forming activities that control S phase entry and DNA replication. Cyclin B binds and activates cdc2, forming a complex that is essential for triggering the onset and passage through mitosis. The regulation of the cyclin proteins appears, for the most part, to be periodic, and is con®ned to the interval in which the corresponding activities are required, although there are exceptions such as cyclin E and cyclin D3 (Agrawal et al., 1995 (Agrawal et al., , 1996 , which are present even in quiescent cells. In addition to the regulatory roles of cyclins on cdk activity, another class of proteins, cyclin dependent kinase inhibitors (CKI), have been described to provide negative control under conditions where the proliferative response must be attenuated, such as density arrest and in response to DNA damaging agents. Members of the CKI family fall into two classes: the INK4 family, which speci®cally inhibit cdk4 or cdk6, and the CIP/KIP family which inhibit all of the known cdk proteins (for review see: Sherr and Roberts, 1995) . In addition, CIP family members have also been found to inhibit cyclin activating kinase (CAK=cdk7/cyclin H) mediated phosphorylation of cdk subunits, thought to be the ®nal step in the development of kinase pro®cient complexes.
Multiple change in the cyclin and cdk protein levels and activity have been demonstrated to occur upon loss of anchorage in adherent cell lines and these changes are consistent with those found to occur during growth arrest. These observations suggest that signaling pathways which control or are controlled by cell-cell or cell-ECM adhesion may be highly conserved in mammalian cells. In addition, overexpression of cyclin D1 or cyclin A has been demonstrated to prevent detachment induced growth arrest (Guadagno et al., 1993; Zhu et al., 1996) . A study of dierentiation of primary mouse keratinocytes in suspension culture revealed that loss of attachment to the substratum resulted in a profound change in the regulation of G 1 and S phase cyclins and their associated proteins as well as their activities. The placement of cells in suspension culture resulted in a loss of cyclin A, D1, and E kinase activity within 6 h (Hauser et al., 1997) corresponding to the period in which DNA synthesis ceased. Keratin 1 mRNA levels were observed to increase only after this period, supporting the hypothesis that cell cycle withdrawal precedes the dierentiation program. In addition, when primary mouse keratinocytes dierentiate they undergo terminal growth arrest, thus losing proliferative potential. Our data revealed that p27 kip1 protein levels increased when keratinocytes were induced to dierentiate, and that pretreatment of adherent keratinocytes with p27 kip1 antisense oligonucleotides dramatically reduced the accumulation of p27 kip1 protein upon subsequent suspension culturing and prevented keratin 1 production independent of the inhibition of cdk activities. Although antisense oligonucleotide treatment inhibited dierentiation, it did not prevent growth arrest. Furthermore, our data revealed the existence of an Rb kinase activity in p27 kip1 immune complexes isolated from suspension cultured cells, and this activity was also inhibited by p27 kip1 antisense treatment. Therefore, the dierentiation of primary mouse keratinocytes required a function of p27 kip1 other than the inhibition of cyclin A associated activity, perhaps related to the appearance of the novel Rb kinase activity which is found in p27 kip1 immune complexes (Hauser et al., 1997; Soos et al., 1996) .
The course of growth arrest resulting from loss of attachment has not been explored in detail and it is unknown if arrest occurs at discrete points in the cell cycle, or alternatively, if it occurs throughout the cell cycle. Although primary keratinocytes dierentiate and cease to proliferate when placed in suspension culture, it is not known whether either of these phenomenon are related to terminal growth arrest. We have utilized a suspension culture model to examine the progress of growth arrest in primary keratinocytes, and two established murine keratinocyte cell lines, MK cells which also exhibit growth arrest upon loss of adherence, and SLC-1 cells (tumor derived) which are capable of continued growth in suspension. Our results revealed that while both primary and MK cells exhibit suspension induced growth arrest, they clearly do so through distinct mechanisms. We present data demonstrating that an anchorage dependent S phase checkpoint present in primary keratinocytes is lost in immortalized cell lines. In addition, MK cells exhibit a G 2 /M proliferative checkpoint that is lost in the tumorigenic cell line. In addition, when suspension is enforced, the primary keratinocytes can undergo dierentiation positioned throughout the cell cycle.
Results
While suspension culture is an eective method for inducing dierentiation of primary keratinocytes (Drozdo and Pledger, 1993; Eichner et al., 1984; Hauser et al., 1997; Nelson and Sun, 1983) , similar treatment of two immortalized murine cell lines did not result in a dierentiated population (our unpublished data). One cell line, MK cells are a non-transformed murine keratinocyte cell line, while tumorigenic SLC-1 cells were derived from a chemically induced skin lesion. In primary keratinocytes, suspension culture induces a growth arrest, observed as a loss of DNA synthesis which is apparent 3 ± 6 h after detachment (Hauser et al., 1997) . In order to ascertain if suspension culture induced a similar growth arrest of either MK or SLC-1 cells, all three cell types were suspension cultured for 9 h and labeled with 3 Hthymidine. The results, shown in Figure 1 , clearly reveal that, as previously shown for primary cells, MK Figure 1 Primary and MK cells undergo growth arrest when suspension cultured, whereas SLC-1 cells exhibit anchorage independent growth. Cultures of primary, MK, or SLC-1 cells were placed into suspension culture, labeled with 3 H-thymidine after 9 h, spun onto slides with a cytocentrifuge, and then autoradiography was performed as described in Materials and methods cells also undergo growth arrest. In contrast, SLC-1 cells do not exhibit growth arrest in suspension culture, consistent with the many studies that have demonstrated anchorage independent growth as a prominent phenotype of tumorigenic cells. While this experiment can identify cells in a population that are actively synthesizing DNA, it cannot be utilized to quantitate either the extent of the synthesis or the extent of cell cycle traverse that occurred as a result of the putative DNA synthesis. In order to determine whether cells present in S phase at the time of detachment continued cell cycle traverse, we performed a pulse-chase analysis. Cultures of growing adherent primary mouse keratinocytes were pulse labeled with BrdU for 2 h, after which the BrdU was removed and the pre-labeled population was placed in suspension culture. Since the BrdU was removed prior to suspension culturing, it provided a speci®c marker for the cells undergoing DNA replication during the labeling period, allowing the fate of this population to be monitored. Control cultures were left in adherent culture, providing a baseline of comparison for progression through S phase. After appropriate times in culture, the BrdU labeled cultures were harvested, ®xed, incubated with anti-BrdU-FITC, and then stained with propidium iodide (PI). As shown in Figure 2 , this pulse chase experiment demonstrated that adherent primary keratinocytes progressed through the ®rst third of S phase during 3 h and reached G 2 /M by 9 h, with many cells returning to G 1 . However, when BrdU labeled primary keratinocytes were placed into suspen- Figure 2 Suspension cultured primary keratinocytes arrest in S phase. Cultures of primary cells were pulse labeled with 4 mM BrdU for 2 h washed twice with PBS, refed with either complete medium for analysis of adherent cultures (Adherent) or trypsinized and placed into suspension (Suspension). After incubation for the lengths of time indicated above each panel, cells were harvested, ®xed, and prepared for FACS analysis as described in Materials and methods. The data shown for each sample is shown in two parts, with the lower graph representing the PI staining and the upper graph representing the BrdU content sion, progression through S phase was dramatically arrested. Suspension cultures harvested 3 h after detachment appeared almost identical to the 0 h control, and only minimal progression through early S phase was observed in the 9 h sample. These results clearly indicated that the adherent primary keratinocytes which were in S phase undergo a rapid growth arrest as a result of detachment from the substratum. This conclusion was also supported by the failure of BrdU labeled cells to accumulate as a population with a 2N or 4N DNA content, indicative of G 0 /G 1 or G 2 /M phase. While such a G 0 /G 1 population is observed in adherent cultures within 3 h of the BrdU labeling period, and accumulate substantially by 6 h, such cell cycle traverse was not observed in suspension cultures. It can be noted that a small percentage of BrdU labeled cells in G 0 /G 1 does appear 6 ± 9 h after suspension culturing. This small population may simply represent those cells that had completed S phase during the labeling period, and had passed G 2 /M by the time detachment occurred. These data describe the existence of an anchorage dependent restriction control' in S phase which is functional in primary keratinocytes that inhibits continued traverse of S phase. Additionally, since no change was found in the populations in G 0 /G 1 or G 2 /M, as determined by analysis of PI stained cells, the anchorage dependent restriction control also blocks in G 1 and G 2 /M phase.
In addition to the arrest of DNA synthesis, primary keratinocytes placed in suspension culture rapidly lose growth potential, as shown in Figure 3 . After 9 h in suspension culture, primary cells have lost the ability to attach and proliferate upon replating. Since the inability to replate re¯ects the fact that the majority of the population has undergone terminal cell cycle exit and entered a dierentiation pathway, we also examined the replating ability of a non-transformed keratinocyte cell line, MK, after suspension culturing. In contrast to primary cells, MK cells placed in suspension for up to 24 h eciently attach to a substratum and resume growth upon replating (Figure 3 ). Since MK cells do not dierentiate (our unpublished results) or undergo terminal arrest in suspension (Figure 3) , we compared the fate of MK cells which had entered S phase when placed in suspension as described for Figure 2 . As shown in Figure 4a , MK cells labeled with BrdU for 2 h in adherent cultures then chased for 9 h without detachment exhibit a pattern of cell cycle traverse similar to that observed in primary cells. However, BrdU labeled S phase MK cells behaved quite dierently than primary cells when placed into suspension culture, exhibiting continued DNA replication until completion of S phase, resulting in a population that had accumulated predominantly in G 2 /M by 9 h (Figure 4a ). Examination of parallel cultures at later times, up to 24 h, revealed no further changes in cell cycle distribution (Hauser, unpublished observations) . Thus, while both primary and MK cells undergo suspension culture induced growth arrest, the mechanism through which this arrest occurs is clearly distinct based on both the fate of the S phase population and the failure of suspension cultured cells to undergo terminal growth arrest.
Analysis of the tumor derived SLC-1 cells with the pulse chase methodology clearly supports the idea that these tumorigenic cells do not exhibit anchorage dependent growth (Figure 4b ). Approximately the same proportion of BrdU labeled cells are found in G 0 /G 1 after a 9 h chase under both adherent and suspension culture conditions. Thus, in addition to loss of the S phase`checkpoint' observed in primary cells, there is also a loss of a second`checkpoint' in G 2 /M that is present in immortalized cells, supporting the notion that anchorage independent growth is achieved through the loss of multiple regulatory controls.
We have previously demonstrated that loss of attachment results in the cessation of cyclin A dependent kinase activity in primary keratinocytes. The loss of this activity, which is essential for S phase traverse (Girard et al., 1991; Pagano et al., 1992; Resnitzky et al., 1995; Walker and Maller, 1991) , could provide a basis to explain the rapid cessation of DNA synthesis observed in primary cells. As shown in Figure  5a , we found that the decrease in cyclin A kinase activity in MK cells closely resembled that observed in primary keratinocytes, signi®cantly decreasing between 3 ± 6 h in suspension. We note, however, that MK cells exhibit a slightly higher level of residual cyclin A activity than primary cells after extended suspension culturing. Analysis of SLC-1 cells revealed that cyclin A kinase activity remained constant in suspension culture. Thus, the cyclin A activity closely correlates with anchorage independent growth potential. We had previously demonstrated that two mechanisms for the downregulation of cyclin A activity exist in primary cells; the loss of cyclin A protein and the accumulation of p27 kip1 (Hauser et al., 1997) Since preventing p27 kip1 accumulation did not prevent loss of cyclin A activity, it is likely that the induction of p27 kip1 may be a redundant pathway for inhibiting cdk activity. We determined if the loss of cyclin A activity in MK cells and the persistence of cyclin A activity in SLC-1 cells was dependent on these parameters by measuring the level of cyclin A and p27 kip1 . As expected from the constitutive cyclin A activity in suspension cultured SLC-1 cells, cyclin A protein also persisted at high levels ( Figure 5b ). In contrast, suspension cultured MK cells exhibited a marked decline in cyclin A activity, although the protein level remained constant. The constant cyclin A protein level observed in these two cell lines contrasts to primary keratinocytes where cyclin A protein declined rapidly after cells are placed into suspension. Analysis of p27 kip1 protein levels in MK and SLC-1 cells placed into suspension revealed that p27 kip1 increased slowly in the MK cells, whereas in the SLC-1 cells p27 kip1 decreased slightly after cells were in suspension for 1 h and remained fairly constant thereafter (Figure 5b) . Thus, the slower decrease in cyclin A kinase activity observed in MK cells appeared to be attributable to the induction of p27 kip1 , and the failure to observe p27 kip1 induction in SLC-1 cells could provide an explanation for the persistent activity. In support of this hypothesis, we analysed cyclin A immune complexes for the presence of p27 kip1 ( Figure  5c ). Clearly, p27 kip1 associates with cyclin A upon suspension culturing in MK cells, but does not do so in SLC-1 cells. The relative levels of cyclin A bound p27 kip1 are proportional to the level of total p27 kip1 protein, indicating that this association may be driven by inhibitor concentration. Thus, the association of p27 kip1 with cyclin A accounted for the decrease Adhesion dependent-S phase checkpoint PJ Hauser et al observed in the cyclin A kinase activity in MK cells placed in suspension culture. In order to compare the cdk inhibitory activity in adherent and suspension cultures, we conducted inhibitor assays (see Materials and methods) to determine whether the level of cyclin activity observed in MK and SLC-1 cells correlated with the level of inhibitory activity. We found that inhibitor activity was induced in the MK cells in a manner similar to that observed in primary keratinocytes (Hauser et al., 1997) and consistent with the increased level of p27 kip1 protein, while SLC-1 cells had no detectable inhibitory activity in untreated extracts (Figure 6a ). To determine whether heat stable cyclin inhibitors had been sequestered in SLC-1 cells, the extracts were boiled for 4 min to eect inhibitor release and then the heated extracts were mixed with extract from stimulated cells . We found that inhibitory activity was released by such treatment, suggesting that a cdk inhibitor protein(s) was present but in reduced amounts that could be sequestered, thereby precluding the inhibition of cyclin A activity (Figure 6b) . Thus, the two components which contribute to a loss of cyclin A function in primary keratinocytes, p27 kip1 mediated inhibition and loss of cyclin A protein, are dierentially altered in these two immortalized cell lines.
Histochemical analysis of adherent primary keratinocytes revealed keratin 1 was absent in the undierentiated cells which were attached to the culture dish and was only detected in the differentiated cells which comprise the loosely attached strati®ed layer above the monolayer (Drozdo and Pledger, 1993) . Suspension culturing of primary keratinocytes results in accumulation of keratin 1 mRNA within 10 h. Because primary cells placed in suspension did not traverse the cell cycle, we sought to determine if dierentiation occurred uniformly throughout the population or was restricted to cells in a speci®c interval(s) in the cell cycle. This was accomplished by¯ow cytometry analysis of suspension cultured cells stained with a keratin 1 antibody. As shown in Figure 7 , when the cells placed in suspension for only 1 h were analysed, we found little or no reactivity with the keratin 1 antibody. However, after 18 h in suspension, keratin 1 positive cells were found in both G 1 and G 2 /M, demonstrating that the dierentiation program was induced throughout the cell cycle by such treatment. kip1 (lower panel) were determined in primary, MK, and SLC-1 cells. Growing adherent cultures (labeled plate) were trypsinized placed in growth medium containing methylcellulose and harvested at the times indicated above individual lanes. Forty micrograms of cellular protein from each resulting extract was utilized for Western blotting as described in Materials and methods. (c) Immunoprecipitation followed by Western blotting. Kip associates with cyclin A when MK cells are placed into suspension. MK and SLC-1 cells were suspension cultured and then harvested at the times indicated above individual lanes. Forty mg of cellular protein from each resulting extract was utilized for immunoprecipitations with antisera to cyclin A were performed on extracts, followed by Western blotting with antiKip as described in Materials and methods Figure 6 Eect of suspension culture on cdk inhibitory activity in keratinocytes. (a) Inhibitor assays were performed by mixing as constant amount (40 mg) of an extract containing active cyclin A complexes derived from growing cells (control) with an equal portion (40 mg) of an extract derived from adherent or suspension cultured cells (indicated above individual lanes). The mixture was incubated at 378C for 1 h and assayed for cyclin A kinase activity as previously described (Agrawal et al., 1995) . (b) Inhibitor assays were also performed as above except lysates from adherent and suspension cultured keratinocytes were boiled for 4 min prior to mixing with the active cyclin A containing extract 
Discussion
In this report, we presented data demonstrating that events following loss of attachment to substratum lead to signi®cantly dierent outcomes in primary, immortalized, and tumorigenic keratinocytes. Although both primary and MK cells exhibit growth arrest in suspension culture, our data have revealed an important dierence in the fate of cells that have entered S phase prior to detachment. These dierences were uncovered through the utilization of a BrdU pulse labeling procedure coupled with¯ow cytometry, which allowed a more informative analysis than nuclear labeling with 3 H-thymidine. Whereas nuclear labeling with 3 H-thymidine allows identi®cation of cells that are actively synthesizing DNA during the labeling period, it does not provide information concerning the extent of this synthesis or the cell cycle fate of the S phase cells in suspension culture. The BrdU technique, in contrast, allowed not only the labeling of S phase cells, but also a more precise determination of their cell cycle position and subsequent traverse upon suspension culturing.
The BrdU pulse chase analysis demonstrated that primary mouse keratinocytes arrested DNA replication almost immediately after being placed in suspension cultures, while MK cells were capable of completing S phase and arrested as a 4N population in suspension culture. Furthermore, SLC-1 cells, a tumorigenic keratinocyte cell line, maintained continuous growth in an anchorage independent fashion and were able to complete S phase and undergo mitosis in suspension. This ®nal observation is in accord with numerous studies that have demonstrated anchorage independent growth as a hallmark of tumorigenic cells (Guadagno et al., 1993; Pardee, 1989) . Our data revealed that continuous anchorage independent growth, such as that exhibited by SLC-1 cells, occurs as the cumulative loss of multiple discrete anchorage dependent controls. The ®rst was observed in primary cells and functioned to arrest DNA replication rapidly upon suspension culturing. The second was observed in MK cells and functioned to arrest cell cycle traverse during G 2 /M. Although this latter checkpoint is presumably present in primary cells, it was not observed since all of the BrdU labeled cells arrested prior to this point. However, as might be expected based on the existence of a G 2 /M checkpoint, it should be noted that no changes are observed in cell cycle distribution as measured by¯ow cytometry. The continued S phase traverse observed in suspension culture correlated with the level of cyclin A protein and its associated activity; MK and SLC-1 cells exhibited a marked stabilization of cyclin A protein compared to primary cells. Therefore, we suggest that the persistence of cyclin A protein and activity may account for the loss of the adherent S phase checkpoint in MK and SLC-1 cells, while the failure to accumulate p27 kip1 and downregulate cyclin A activity may result in the loss of the G 2 /M checkpoint.
It is tempting to extend our results to events that occur in the course of transformation. In the case of murine keratinocytes, cell adhesion is tightly linked to terminal cell cycle withdrawal and dierentiation, which are the primary means through which uncontrolled growth is prevented. Since dierentiation may be initiated in cultured keratinocytes by simply eecting substratum detachment, genetic alterations which prevent the rapid cessation of growth, such as we have observed, might be primary events leading to escape from growth control. This is further supported by our ®nding that in addition to allowing continued S phase traverse, loss of this checkpoint also correlates with the loss of irreversible cell cycle exit. While our data do not address how these properties are related, it is clear that both could make a signi®cant contribution to immortalization. Analysis of additional cell lines and other primary cell culture models should reveal whether our results are representative of a general regulatory pathway that controls anchorage dependent proliferation.
The existence of a second checkpoint was revealed by comparison of data obtained with MK and SLC-1 cells and correlated with the level of cyclin A activity. We demonstrated that cyclin A activity failed to decline when tumorigenic keratinocytes (SLC-1) were placed into suspension, in contrast to MK cells which exhibited a slow progressive decline in activity, perhaps re¯ecting the period required for the accumulation of p27 kip1 and inhibition of cyclin A/cdk2 activity or the Figure 7 Suspension cultured primary keratinocytes undergo dierentiation throughout the cell cycle. Primary mouse keratinocytes were placed into suspension for 18 h ®xed, incubated with anti-keratin 1, washed, and incubated with anti-mouse-FITC. After washing, the antikeratin/FITC stained cells were mixed with propidium iodide and prepared for FACS analysis as described in Materials and methods. The horizontal axis represents PI staining and the vertical axis represents FITC staining completion of DNA synthesis. Our observations that cyclin A protein remained constant in MK cells even though S phase traverse was completed suggested that loss of anchorage causes an arrest prior to the onset of mitosis and activation of cyclin A proteolysis. Thus, while cyclin A may not directly regulate this second checkpoint, the comparison of cyclin A protein vs cyclin A associated activity may serve as a useful marker for the functioning of this checkpoint. Many studies of events associated with growth arrest have revealed induction of cdk inhibitors, such as p21 Cip , to be a common theme (Sherr and Roberts, 1995) . We similarly found an inhibitory activity, which we identi®ed as p27 kip1 , to be induced upon suspension culturing of primary cells (Hauser et al., 1997) and MK cells (Figure 6a ). The levels of p27 kip1 in SLC-1 cells, in contrast did not increase upon suspension culturing, but its presence was detectable by Western blotting and cdk inhibitory activity could be assayed in boiled extracts. These data demonstrated the level of p27 kip1 inhibitory activity exceeds the level of cyclin activity in primary and MK cells, since inhibitory activity could be measured without boiling of the extracts, whereas it remained below the cyclin/cdk threshold in SLC-1 cells. We have demonstrated previously that p27 kip1 was not essential for growth arrest in primary keratinocytes; we cannot rule out, however, that its accumulation may serve as à failsafe' function and thus be important in mediating the eventual growth arrest observed in MK cells.
Indeed, the suspension culturing of primary keratinocytes derived from mice lacking functional p27 kip1 revealed that the absence of this protein delays dierentiation and loss of growth potential (Hauser et al., manuscript submitted) . Mice lacking p27 kip1 , however, exhibit no overt phenotypes in development or appearance of the skin (Fero et al., 1996; Kiyokawa et al., 1996; Nakayama et al., 1996) , suggesting that the control of cell fate may be dictated through the combined actions of multiple regulatory proteins. Thus, although p27 kip1 appears to be required for ecient' dierentiation, the presence of p27 kip1 is not sucient to initiate the dierentiation pathway, as exempli®ed by MK cells. These data suggest the inability of suspension culturing to induce irreversible growth arrest in MK cells correlated with the continued presence of cyclin A protein, but not persistent cyclin A associated kinase activity. The analysis of cyclin A immune complexes present in suspension cultured MK cells revealed that these complexes may provide a p27 kip1`s ink' that would attenuate p27 kip1 function during suspension culture. At least one other function of p27 kip1 that has been described is its association with cyclin D3/cdk4 complexes to form ternary complexes that exhibit Rb kinase activity. The data in Figure 5c revealed a periodic p27 kip1 /cyclin A association in primary cells, demonstrating that in primary cells, the destruction of cyclin A precludes a mechanism to buer p27 kip1 .
Materials and methods

Cell culture
Primary cultures of mouse keratinocytes were established from newborn ICR mice as described (Drozdo and Pledger, 1993) . Keratinocytes were cultured in KBM medium (Clonetics Corp., San Diego, CA), containing 0.05 mM calcium and supplemented with 0.5 mg/ml insulin (Clonetics Corp.), 0.05 mg/ml hydrocortisone (Sigma, St Louis, MO, USA), 1.5 ng/ml EGF (Collaborative Research, Bedford, MA, receptor grade), 7.5 mg/ml bovine pituitary extract (Clonetics Corp.), and 2% dialyzed fetal bovine serum (Life Technologies, Gaithersburg, MD, USA). KBM supplemented with 0.05 mM calcium, 0.5 mg/ ml insulin, 0.05 mg/ml hydrocortisone, 7.5 mg/ml bovine pituitary extract and 2% dialyzed fetal bovine serum and containing 1.45% methylcellulose (Sigma) was used as semi-solid medium. Cells were suspension cultured in semisolid medium at 1 million cells per ml and cultured in 50 ml¯asks (Fisher) coated with 0.4% polyHEMA (polyhydroxyethyl methacrylate)(Sigma), as described (Drozdo and Pledger, 1993) .
Chemicals and reagents
Biological buers, detergents, and inorganic molecules were purchased from Sigma or Fisher (Pittsburgh, PA, USA). Antibiotics, and protein A-agarose beads were from Life Technologies. Nitrocellulose paper and reagents for SDS-polyacrylamide gel electrophoresis (PAGE) were purchased from BioRad (Hercules, CA, USA). Anti-rabbit horseradish peroxidase, ECL reagents, and radioisotopes were purchased from Amersham (Arlington Heights, IL, USA). Autoradiographic ®lm was purchased from Kodak (Rochester, NY, USA). Antibodies utilized in this study were anti-cyclin A, a kind gift from Ed Leof (Mayo Clinic), and anti-Kip (Agrawal et al., 1996) .
Preparation of cell Iysates and Western blotting
For analysis of suspension cultures, MK, SLC-1, and con¯uent 3 day old primary mouse keratinocytes were refed 12 ± 15 h before cells were induced to undergo dierentiation using suspension in semisolid medium in 50 ml¯asks coated with 0.4% polyHEMA (Drozdo and Pledger, 1993) . For analysis of cyclin proteins in adherent cells, cells were harvested by trypsinization, rinsed in KBM containing 5% serum, washed in PBS, and the pellets were frozen at7808C. Frozen pellets were thawed on ice, resuspended in immunoprecipitation (IP) buer (50 mM HEPES, pH 7.2, 150 mM NaCl, 0.1% Tween-20, 1 mM EDTA, 1 mM EGTA, 0.1 mM orthovanadate, 0.5 mM NaF, 0.1 mM PMSF, 2.5 mg/ml leupeptin, and 1 mM DTT), and sonicated for 5 s. Following centrifugation to remove cellular debris, the crude cell extract (10 mg) was separated on 10% or 12% discontinuous SDS-polyacrylamide gels and the separated proteins were transferred to nitrocellulose membrane by electrophoretic blotting. In order to identify p27 kipl in speci®c cyclin complexes, immunoprecipitation with appropriate antibodies was performed on 50 mg of protein followed by p27 kipl analysis with Western blotting as described previously (Agrawal et al., 1995) . Non-speci®c binding was prevented by blocking the membrane in BLOTTO (5% dry milk in 16phosphate buered saline/Tween-20 (PBS-T;16PBS,0.1% Tween-20)) and incubated with the primary antibody (1 : 1000 dilution in PBS-T) for 1 h at room temperature. After washing in PBS-T, the membranes were incubated with anti-rabbithorseradish peroxidase (1:10 000) for 1 h, washed and visualized by ECL, as recommended by the supplier.
Nuclear labeling
In order to identify cells actively synthesizing DNA, 3 Hthymidine was added to suspension cultures at 9 h and after 24 h cells were harvested by centrifugation. Cells were then re-suspended in a small volume of PBS, spun onto Superfrost Plus slides (Fisher) with a cytocentrifuge, air dried for 3 min and ®xed in 100% methanol for 5 min. Autoradiography was performed as previously described (Olson et al., 1993) .
Kinase assays
Cyclin A associated kinase activity was measured utilizing histone H1 (Boehringer-Mannheim) as a substrate. Speci®c antisera to cyclin A was added to 20 ± 40 mg of protein from sonicated cell extracts, in a volume of 0.3 ml and the mixture was rocked for 2 ± 10 h at 48C, followed by the addition of 30 ml protein A-agarose beads and an additional 30 min of mixing. Immune complexes were collected by centrifugation and washed 26with IP buer, once with histone kinase (HK) buer (50 mM Tris-Cl, pH 7.5, 10 mM MgCl 2 ) and re-suspended in HK Buer containing 0.5 mCi-32 P-ATP, 1 mM cold ATP and 100 mg/ml histone H1. Reactions were incubated at 308C for 5 min, mixed with an equal volume of loading buer, heated to 958C for 2 min and separated on a 10% SDS-polyacrylamide gel. Phosphorylated histone H1 was visualized by autoradiography and quantitated by exposure on a PhosphorImager (Molecular Dynamics).
Inhibitor assays
Inhibitor assays were accomplished by mixing equal amounts of protein (20 mg) from a positive control having cyclin A activity and an equal amount of protein from an experimental sample. These samples were vortexed and incubated at 378C for 1 h and then processed as described above for cyclin A activity. To determine if the inhibitors were sequestered, 20 mg protein from experimental sample was ®rst boiled for 4 min and then mixed with extract from stimulated cells and processed as described above.
FACS analysis
To determine the cell cycle distribution, cells were harvested, collected by centrifugation, washed with PBS, and ®xed in 60% cold ethanol. Fixed cell suspensions were either used immediately or stored at 48C. To detect keratin 1, washed cells were resuspended in 300 ml PBS containing 1% BSA and 3 ml of antikeratin 1 (monoclonal from Sigma) and then rocked for 15 ± 18 h at 48C. Unbound antibody was removed by washing cell suspensions twice with 1 ml PBS and resuspending the ®nal pellet in 300 ml PBS containing 1% BSA and 0.5 ml anti-mouse-FITC (Boehringer-Mannheim). After rocking the cell suspension with secondary antibody for 40 min at 48C, the unbound antibody was removed by two 1 ml washes with 16PBS. The FITC stained cells were then incubated with 750 ml propidium iodide solution (16PBS with 0.5% Tween and 0.5% BSA (PBTB) containing 10 mg/ml propidium iodide (Sigma) and 50 mg/ml RNAse (Boehringer-Mannheim) for 20 min at room temperature. Samples were analysed by FACS. Cell cycle analysis was performed by the H Lee Mott Cancer Center Flow Cytometry Facility.
Detection of BrdU labeled cells
Fixed cell pellets were resuspended in 5 ml of 0.04% pepsin (in 0.1 N HCl) and incubated for 40 min in 378C shaker. Cells were harvested by centrifugation, resuspended in 3 ml of 2N HCl, and incubated for 20 min at 378C. Following incubation, 6 ml of 0.1 M sodium borate was added to the samples, and after vortexing for 10 s, the cells were harvested by centrifugation. The resulting cell pellets were washed with 6 ml of PBTB, resuspended in 0.2 ml PBTB with 4 ml anti-BrdU-FITC (Boehringer-Mannheim), and incubated at room temperature in the dark for 1 h. After incubation, cells pellets were washed twice with 3 ml of PBTB, resuspended in 750 ml propidium iodide solution with 50 mg/ml RNAse, and incubated at room temperature for 25 min prior to performing analysis by FACS.
